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Abstract: The low voltage (LV) distribution network is the last stage of the power network, which is connected directly to the 
end user customers and supplies many dispersed small-scale loads.  In order to achieve environmental targets and to address 
the energy shortage issue, governments worldwide increase the renewable energy sources (RES) into the electricity grid. In 
addition, different types of low carbon technologies (LCTs) such as electric vehicles (EVs) are becoming widely used. A 
significant portion of RES and LCTs is penetrated into the LV distribution network, which poses a wide range of challenges. 
In order to address these challenges, there is a persistent need to develop traditional planning and operation frameworks to 
cope with these new technologies. In this context, this paper provides a comprehensive review about planning, operation, and 
management of LV distribution networks. The characteristics, types, and topologies of LV distribution networks plus 
different aspects of operation and planning are investigated. An insightful investigation of the reasons impacts and mitigation 
of voltage and current unbalanced in LV networks is provided. Moreover, the main three-phase power flow techniques used 
to analyze the LV networks are analyzed.    
 
 
1. Introduction 
Around the globe, the development of electric power 
industry experiencing essential changes and challenges in 
recent years [1]. A significant part of the energy demand is 
generated by fossil fuel resources, (e.g., Natural gas, crude oil) 
leads to significant increase in carbon emission to the 
atmosphere which is resulting in the environmental concerns, 
namely, global warming [2], [3]. The development of 
economics, and the rapid increase of population, resulting in the 
exponential rise in the energy demand, which implies energy 
shortage issue and even more greenhouse gas emission in the 
atmosphere [4]. During the period 1990 to 2007, the annual 
world energy demand increased by 1.3 % and is expected to 
increase by 48 % from 2012 to 2040 [5]. For instance, the 
energy demand in the UK is projected to increase by 4% by 
2035 [6]. Therefore, many countries are in the process of 
implementing programs to address climate change and energy 
shortage issues. In order to proceed these programmers 
successfully, several corresponding policies are established [7]. 
Based on the Paris agreement various developed countries 
committed to reduce emissions of greenhouse gases (e.g., 
Carbon dioxide) [8]. The European Union agreed 20% 
reduction of greenhouse gas emission by 2020 in comparison 
with 1990 baseline [9]. Also, many countries obliged under the 
Kyoto protocol to reduce their greenhouse emission on average 
50% by 2050 [10]. For instance, the UK government committed 
an 80% reduction of their emission under this protocol [11]. 
Based on obligations made by governments worldwide to 
achieve environmental targets and to address the energy 
shortage issue, the energy generation system experiencing a 
shift towards a more sustainable system [3]. These issues 
addressed by increasing the generation from renewable energy 
sources (RES) such as photovoltaic (PV) systems and wind, in 
the form of distributed generations (DGs). A significant amount 
of RES  integrated and installed low voltage (LV) level [12]. In 
addition, the end-use consuming pattern is shifting towards low 
carbon technologies such as electric vehicles and electro 
heating systems [13]. This adds more challenges to the LV 
network, where the scope of these challenges depends on the 
ability of an LV network to handle these changes. For instance, 
the LV networks have been traditionally designed assuming 
unidirectional power flow (from source to the consumer) with 
no consideration of the bi-directional power flow in presence of 
renewable energy generation. This poses several technical 
challenges such as voltage rise and thermally overloaded assets 
[14]. 
To overcome and address these challenges, and to 
improve the ability of LV networks to host more of RES, there 
was a persistent need to develop the conventional planning and 
operation schemas of the LV network to be adapted with the 
new technologies [4]. Moreover, various planning and 
operational schemes have been proposed by different researcher 
and research organization around the world. In this context, this 
paper provides a comprehensive literature review about the 
planning and operation of the LV distribution network. Starting 
with highlighting the main challenges facing the LV networks, 
which are posed by the high penetration of distributed RES. An 
insight, background on the main character and topologies of the 
LV networks with highlighting the key differences between LV 
networks and both high and medium voltage networks is 
provided. Moreover, the main LV networks planning and 
reinforcement frameworks that have been discussed in the 
literature, including both conventional and active network 
system schemas are investigated. Afterward, the operational 
and management of LV networks is discussed, which provides 
an insightful overview of the methods that have been used to 
analyze the unbalanced three-phase LV distribution networks. 
2. Low voltage distribution networks  
2.1. Introduction to transmission and distribution 
networks  
This section presents an overview of LV distribution 
networks.  A power system consists a set of interconnected parts 
to generate, transmit, distribute the electricity to the end user 
customers [7]. These parts are interfaced by a set of 
transformers to step up and step down the voltage level to the 
appropriate level, which is suitable for the system operation to 
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Fig 1. Electric power system structure in the UK adapted from [15] 
reduce the network line losses. The generation in the 
conventional system was only based on fossil fuel and located 
in a central location away from the load centers [14]. However, 
with the adoption of DGs, the electricity will be generated 
locally by both RES and other sources such as small diesel 
engine and fuel cells, and this has reshaped the conventional 
system topology toward decentralized the generation  [4]. In the 
centralized power system, the power generated by the 
centralized large-scale power plant injected into the 
transmission network through a step-up transformer at high the 
voltage (HV) level (e.g. 132-400 kV in the UK) [16]. Then, the 
transmission network transport electrical power to the regional 
distribution networks through the Grid Supply Points (GSP), 
which step down the voltage level to the distribution voltage 
level (e.g., 132 kV in the UK). The distribution network delivers 
the power to the end user consumer through lower voltage 
distribution networks. Firstly, the voltage is stepped down to 
medium voltage (MV) level e.g. 33kV) at Bulk Supply Point 
(BSP) and then to lower MV network (e.g. 11 kV) at primary 
substation. Finally, secondary distribution substation steps 
down the voltage into the low voltage level required to supply 
the single-phase and three-phase end users (230V single phase 
and 0.4 kV Three-phase). In other words, the MV networks start 
after the BSP and terminate at a secondary distribution 
substation. In addition, the LV networks start from the 
secondary distribution substation, where the voltage level 
stepped down to 0.4 kV between two lines of the three-phase 
networks. Thus, the electricity is distributed to the single-phase 
end-user through the LV networks (230 V line to neutral), [15–
17]. Fig.1 summarizes the power system structure in the UK 
[15].  
 
[c] Open loop arrangements [d] Radial arrangement 
[a] Interconnected Network [b] Link arrangements
Normally open points 
Normal open point 
 
Fig 2. The main topologies of power networks [16], [17]. 
2.2. Transmission and distribution networks topologies  
There are three main configurations of electrical power 
networks as shown in Fig.2, [15], [17].  
• Interconnected network topology is adopted in HV 
transmission networks to provide a secure power supply in 
the event of an outage, as there are multiple paths to transmit 
electrical power. 
• Ring topology Includes both link arrangement and open 
loop which is mostly used in 11 kV and 33 kV MV networks 
to provide more secure supply as well. The open point is 
located between two interconnected radial feeders to ensure 
the radial operation for each feeder to isolate a faulty 
section.  
• The radial network topology is widely used in LV 
distribution networks where faults occur infrequently and 
the fatality level of the fault (the number of consumers 
affected by the fault) is not high. The radial network can be 
reconfigured to weakly meshed interconnect two buses in 
the network. 
2.3. Definition of LV distribution networks  
Based on the British standards the LV networks are defined 
as a network with a maximum limit of voltage level 1 kV [18]. 
Moreover, around the world, the most common voltage levels 
of local LV networks are within the range 120-240 V single 
phase (i.e. Phase to neutral), or 208-415 three phases four wires 
(3-phase 4 wire) [19]. Based on the international standard 
recommendation (IEC 60038), the voltage level of 3 phase-4 
wire is 230/ 400 V [19].  The LV network is the last stage of the 
power network, which connected directly to the end user 
customers and supplies many dispersed small-scale loads [20]. 
Thus, it has the characteristics of small individual capacity, but 
a massive number of nodes. Due to the low voltage level, 
installation and development of LV feeders require lower 
finance compared with higher voltage feeders such as MV and 
HV [21]. However, the huge number of LV feeders requires a 
significant amount of work might consume most of a utility’s 
capital [22]. 
3 
 
Bulk supply point 132/33/11 KV
3-phase 3 wire 
primary 
networks 11 kV
L1L2L3
3 phase customers Single phase customers 
3 phase-4 wire secondary network
380/220 V
400/230 V
415/240 V
380/220 V
Secondary substation
11/0.4 kV 
L1
L2
L3
N
 
Fig. 3 Typical European distribution system layouts [19] [23] 
Table 1. Catachrestic of LV feeders in the UK [24] 
2.4. LV networks Layouts in Different Regions 
       Around the world The LV network system has structured 
into various forms, among them, the “European” and 
“American” layouts are the most widely used layouts in 
European countries and Central and North of America[22],[25]. 
2.4.1. The European LV networks layout: “European” layout of 
LV networks used by most countries in Europe. For example, 
The LV network in the UK is three phases four wire system 
supplied from a three-phase MV/230/400 V distribution 
transformer [19]. Where 230/400 refer to a secondary voltage 
level, 400 V line to line and 230 V line to neutral (nominal 
voltage or RMS)[18]. The circuit diagram of a distribution 
network in the UK is illustrated in Fig.3. In this schema, each 
MV/LV distribution substation can supply a various number of 
3 phases- 4 wire LV feeders. Moreover, the LV feeder can carry 
the power efficiently up to 300 meters approximately [22]. In  
Other words, at low voltage levels (400 V), each substation can 
supply an area corresponding to a radius of 300 meters from the 
substation, which makes it suitable for high load densities 
areas[23]. Based on the practical application the LV feeders can 
be underground cables or overhead lines extended from the 
secondary distribution substation. Most LV feeders in the UK 
are designed as multi-phase feeders, which consist of 4 wires (3 
phase and neutral)[22]. Table 1 summarizes the catachrestic of 
LV feeders in the UK in both urban and rural areas [24]. 
2.4.2. The American LV networks Layout: The American LV 
networks Layout illustrated in Fig 4 [23] [25]. The layout 
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Fig.4 Typical American distribution system layout [19] [23] 
differs significantly from the European layout, where the three-
phase LV networks are practically nonexistent. And the system 
is effectively carried out the power through three phase’s four 
wire (3-phase and neutral) MV networks [19]. The MV network 
system supplies numerous number single phase transformers 
which connected through many single phases (phase and 
neutral) primary laterals [25]. The secondary windings of 
single-phase transformer are center-tapped to produce single 
phase three wire supply, 120 (line to neutral) 240 V (line to 
line). As a result, capacity rating the single-phase MV/LV 
secondary transformer is much smaller than those in the 
European system and the LV feeders are minimized [23]. The 
main advantage of this layout is that the load density supplied 
by each substation and its installation capital cost is lower than 
that in the European system. However, the low voltage level 
(120 V) at the secondary side of the single - phase transformer 
is about half of the European single-phase secondary voltage 
(240 V), which lead to some technical issues and barriers. For 
instance, it limited the extension of the single-phase feeder 
which only has the ability carry the power efficiently up to 60 
meters from the substation [25]In addition, the level of power 
losses and voltage drop-in single-phase LV feeder is much 
higher than that in the three-phase LV feeders[21].  
        Both ‘European’ and ‘American’ layouts are widely 
adopted in many countries around the world outside Europe, 
Central America and North America [25]. Moreover, in some 
region, the distribution system layout is a mixture of European 
and American [25]. Table 3(in Appendix),Fig.5 and Fig.6 
provide a summary of the voltage level of local LV networks 
and their associated schematic diagram in different countries 
around the world [19]. From Table.3, Fig.5 and Fig.6 it is 
illustrated that the European system (Fig.5 (a) and (b)) is the 
most adopted system around the world. However, the American 
system (Figs.6 (c), (d), (e), and (f)) is adopted in North America, 
Latin America, and few countries in Asia and the Middle East 
Area Urban Rural 
Feeder number per 
transformer 
Minimum  2 1 
Medium  6 3 
Maximum  16 6 
LV feeder length (m) 
Minimum  10 100 
Medium 100 250 
Maximum 200 600 
Total line length per 
transformer (m) 
Minimum 150 500 
Medium 450 1600 
Maximum 900 3200 
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[a] 3 phase star 4 wire earthed 
neutral 
[b] 1 phase 2 wire earthed end of 
phase  
Fig.5 Circuit diagram of LV networks around the world(associated 
with European layout) [19] 
 
[c] 3 phase delta 3 wire  [d] 3 phase delta 4 wire earthed 
mid point of one phase 
[e] 1 phase  3 wire earthed neutral 
mid point  
[f] 3 phase open delta 4 wire earthed 
mid point of one phase  
Fig. 6 Circuit diagram of LV networks around the world(associated 
with American layout) [19] 
such as Saudi Arabia. Moreover, some countries mixed 
between the European layouts and American layouts such as 
Iran and South Korea [19]. 
2.5. LV network topologies  
The investigation in the main topologies used to configure 
the LV distribution networks shows that most LV networks are 
configured as radial networks due to the simplicity of analysis 
and protection system design [22]. However, due to the 
advantages of the loop or Ring, or mesh configuration to 
mitigate some of the technical issues such as voltage variations 
and reverse power flow; the use of mesh configuration is 
becoming more common [26, 27]. As mentioned in the previous 
section, most LV networks are following the European layout. 
So, the three-phase 400 LV secondary circuit is basically 
designed based on the circuit diagram shows in Fig. 5-a, which 
is 3 phase- 4 wire circuit underground cables or overhead lines 
suspended from, concrete, metal, or wooden poles[28][19].Due 
to high load and housing density in urban areas, the 
underground cable is utilized usually in LV network 
construction [23]. Using the underground cable improve the 
possibility for the LV cables from the neighboring substation to 
terminate close to each other, which permit simplicity and low 
cost joining them together (interconnected) using the 
underground link box [22].Therefore, interconnected the 
surrounding substations to each other called looped or meshed 
or ring network arrangement as that shows in Fig. 7-a 
[28][29].  The chief advantages such arrangement is improving 
the reliability and the security of supply, as well as improve the 
system flexibility, for example, in case of shutting down or 
suddenly losing the connecting of one substation, the power can 
be supplied normally to the load by the surrounding substation 
via the link box, [30]. Also, loop topology has proven its ability  
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Fig.7 LV network topologies   
to improve the system hosting capacity for Distributed 
Generators (DGs) such as photovoltaic systems, which helps  
to mitigate the technical issues such as voltage rise and reverse 
power flow [27]. However, In rural areas, where the load 
density with highly separated uncritical loads, the radial 
arrangement found to be the most economical and with a low 
level of faults and simple protection schema as shown in Fig. 7-
b [23],[24]. Despite the fact that the radial topology is widely 
used in 400 V 3phase- 4 wire LV networks, it has the lowest 
level of supply security and reliability, with the absence of  
flexibility [22] In order to increase the level of reliability of two 
adjacent radial systems which they served from the same 
substation [19],[22]. These feeders can be interconnected via a 
normally open point to supply to ensure the radial operation of 
each feeder, where the location of the normally open point can 
be moved following the occurrence of the fault to isolate the 
faulty section with maintaining the supply for the rest of the 
faulty feeder [22]. Such arrangement is also called ring open 
loop topology as shown in Fig 7-c [30]. Moreover, parallel 
interconnected configuration or spot topology can be used by 
interconnected two adjacent LV radial feeder supplied from two 
different substations as that shows in Fig 7-d [22], [31]. Such 
configuration improves the system reliability and flexibility in 
case of a maintenance event, where the loads may still supply 
by the other transformer [19]. 
2.6. The main characteristics of the low voltage 
distribution network  
Based on the above investigation the main characteristic of 
the LV distribution network is listed as follows: 
1. Consist of a large number of nodes:  The LV network is to 
supply many consumers. For example, in the Dutch power 
system, the network has more than 99.6% of the whole 
system connections as that illustrated in Fig.8 [32]. 
2. Usually, the network is not monitored: a significant part of 
the metering system, particularly the household meter still 
without communication possibility. The advanced metering  
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Fig 8. Part of LV network in the Netherlands [32]
infrastructure (AMI) is still in the early stage of the 
installation. And this leads to the lack of understanding of  
the real state of the LV network, which resulted in a wide 
range of uncertainties.  
3. Operated in radial or weakly meshed topology: the majority 
of LV is radial nature, and this simplifies the power flow 
analysis  
4. High R/X ratios compared with HV and MV networks: 
especially in the case of underground cable. And that makes 
the resistance a very important factor in determining the 
voltage, where the voltage angle approximately constant at 
the LV network.   
5. Highly violated load pattern: the load pattern is unbalanced 
with a high level of uncertainty. 
6. Untransposed feeders: The spacing between conductors is 
non-symmetrical and the transposition principle does not 
apply compared with HV and MV networks. 
7. Bi-directional power flow: The distribution generator 
injected the excess generated power into the LV network, 
which resulted in reverse power flow from the load side, and 
this raises the voltage level in the load side. 
3. Unbalanced voltages and currents in three phase LV 
networks: Reasons, impacts and mitigation  
3.1. Introduction to voltage and current Imbalance in LV 
networks  
In the power system, a three-phase system, or networks 
considered as balanced or symmetrical if two conditions are 
verified. The first condition is: the voltages and currents in the 
three phases have the same magnitudes. The second condition 
is: the phase shift angle with respect to each other or between 
consecutive phases must equal to 120 degrees [33]. However, 
for different reasons related to the operation and planning of the 
LV networks, Practically LV networks are considered as 
unbalanced or asymmetrical [24]. The unbalance describes the 
LV network conditions, in which the voltages and current 
magnitudes in the three phases are not equal. Also, the phase 
shift angle between two adjacent phases not precisely 120  
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Ub
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Uc
Ua
Ub
Uc
Ua
Ub
Uc
Balanced magnitude 
and angles
Unbalanced magnitude Unbalanced angles Unbalanced magnitude  
and angles
 
Fig.9 Voltage and current phasor diagram for balanced and several 
unbalanced 3 phase systems [34] 
degrees.  Fig.9 provides a phasor diagram to compare the 
balanced three-phase system (ideal condition) and various 
unbalanced conditions [34]. Where Ua, Ub, and Uc refer to the  
voltage or current phasors in the system. The chief reasons for 
voltage and current unbalance in LV networks are an uneven 
distribution of single-phase customers among the three phases 
and the load variations, which might happen normally or 
because of the high penetration of low carbon technologies,  
either DGs such as residential PV systems or new smart loads 
such as electric vehicles EVs [21]. 
3.2. The relationship between current and voltage 
unbalance conditions  
Based on Ohm’s Law the network impedance is the 
connection between current and voltage. In three-phase 
networks, the network impedances might be either symmetrical 
or asymmetrical[35]. However, in both cases, the network 
impedance connects between voltage unbalanced and current 
unbalance. The symmetrical network is defined as networks 
with equal self and/or mutual impedance [35]. In three-phase 
LV networks, the impedance of the system component in each 
phase is rarely the same[22]. The overhead LV networks lines 
impedances values are always not equal, due to the dependence 
of phase impedance on the distance to the ground and the 
distance from the line to line which are normally not equal[22]. 
For instance, the central line in three phases four wire LV  
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Fig. 10 The relationship between current and voltage unbalance 
overhead networks, the impedance of the central line is 
approximately 6-7% lower than the two outer phases 
impedance[24]. Moreover, in underground LV networks, many 
of LV feeders comprises of a mix of cables types, which 
resulted in unequal impedance among the three phases. Also, 
using a four-core cable design lead to unequal impedances  
between phases and between phases and neutral [34]. In 
addition, the asymmetrical transformer winding impedances 
cause impedance imbalance in LV network [36]. Fig.10 
illustrated the network impedance and the relationship between 
current and voltage unbalance.  
3.3. Reasons for voltage and current unbalanced  
3.3.1. Uneven distribution of single-phase loads: Usually 
in MV and HV networks, the three-phase connected loads are 
balanced. However, most loads supplied by LV networks are 
single phase [22]. Thus, the load balance between the three- 
phase is not an easy task to be implemented. At the planning 
stage of LV networks, the network planner paid much effort to 
connect an equal number of customers in each of the phases 
aimed at making the load level balanced among the three phases 
[23]. However, in practical life, phase load balancing cannot be 
granted due to human behavior. To connect the single-phase 
consumers three phases four wire LV network, each customer 
needs to be connected to two wires, phase (one of the three-
phase lines) and neutral. In practice, the electricity technicians 
tend to use one of the two lines closest to the neutral wire in LV  
underground cable, while ignoring the wire diagonally opposite 
to the neutral [34]. Also, in the three-phase vertical formation 
overhead lines, the worker technicians tend to use one of the 
two lines closest to the neutral wire. Fig.11  provide an example 
for three-phase four wire LV feeder with uneven distribution 
for single phase loads [34]. 
3.3.2. Variations in load demands: Normally the load demand 
of single-phase customer is changed with time depending on the 
type of appliances are used at that time. The impact of load 
variations on the accumulated demand per phase, becoming 
more noticeable when the numbers of customers connected to 
the feeder are low. Most likely that happen in rural LV feeders. 
On the other hand, in urban LV feeders with a high number of 
consumers the variation of individual customer load demand 
generally has a low impact on the accumulated demand per 
phase [22].However, applying energy saving schemas like 
adjustable speed drive might increase the level of load variation, 
which can lead to non-balance between phases [37].  
3.3.3. Propagation from the MV network: Generally, the 
unbalance voltage is not significant at the MV networks. 
However, the unbalanced voltages at MV networks interpreted  
11/0.4 kV
400/230 V 3 phase, 4 wire primary LV feeder
 
Fig.11 Uneven distribution of single load consumers  
through the windings of the MV/LV distribution transformer to 
the LV networks. And that might lead to changes in phase to 
neutral voltage at the secondary side of the transformer (LV 
side), which reflect the phase current on LV feeder [22].  
3.3.4. Asymmetrical network impedances: As discussed before, 
the voltage and current unbalance are related to each other 
through the network impedances. If the network impedances 
(cable Impedance and MV/LV transformer impedance) are non-
systematical, voltage unbalance might occur even though the 
currents are balanced [35]. 
3.3.5. High penetration of LCTs in LV networks: the word Low 
Carbon Technologies LCTs is associated with any kind of 
technologies installed in the electric networks and used by the 
end user customer aimed at cutting the level of carbon emission 
into the atmosphere [20]. LCTs includes renewable DGs such 
as PVs and end-user smart technologies such as EVs, heat 
pumps and Compinged Heat and Power (CHP) [36]. As 
discussed before, to achieve the carbon emission reduction 
targets, the use of LCTs has becoming more popular[38]. 
Installing these technologies at the LV networks feeder will 
increase the current and voltage imbalanced levels because of:  
Increase the level of load demands variations: As discussed 
above the demand variation of the individual customer can 
influence the accumulated demand at each phase. So, using 
similar LCTs by a group of single-phase customers in parallel 
will add greater impact the accumulated load profile of the 
phase which they are connected [39]. Generally, the LCTs have 
a high current rating and longer operating time compared with 
the traditional appliance. Single phase high current rating 
appliance will take the highest share of the total current seen in 
the phase at which they are connected [38].  Therefore, use of 
these technologies at a specific time can lead to highly violated 
load demand at a given phase of LV feeder, which resulted in 
influence the current unbalance. Moreover, using LCTs for a 
long time, increase the probability of coincident usage. 
Therefore, the insufficient group usage of these technologies 
influences the load profile. For example, the customer tends to 
charge their EVs at night to use them in the morning [38]. 
Uneven distribution of single phase LCTs: The uneven 
placement of single phase LCTs will lead to current and voltage 
unbalance. For instance, uneven distribution of single phase 
DGs resulted in a high fluctuation of load profile each phase 
(Unbalanced). Moreover, due to the stochastic nature of 
renewable DGs, high penetration of this technology in a specific 
phase will lead highly fluctuated demand profile. In addition, 
using a mix of LCTs along the LV feeders might result in 
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unpredicted increasing and decreasing the demand, 
consequently a significant increase in the current [40]. 
3.4. The impacts of voltage and current unbalanced on 
LV networks 
3.4.1. Ineffective utilization of the network assets:  In three- 
phase LV feeder the total load demand of the feeder is unevenly 
distributed among the three phases. As a result of unevenly 
distributed of load demand among the three phases, some 
phases will be heavily loaded, especially with the future 
increasing of demand. On the other hand, the other phases are 
still not utilized efficiently. Hence, the heavily loaded phase 
conductors will need to be maintained or replaced, while the 
other phases are not [34]. Moreover, the three-phase equipment 
such as three-phase underground cables and the transformers 
are generally designed as one package. So, if one of the phases 
fails, the whole equipment must be replaced [22]. Indeed, the 
installed capacity of transformers or cables will never fully be 
utilized.   
3.4.2. Increasing in neutral and ground currents: In the three- 
phase four wire LV networks, the neutral conductor is the return 
path of any out of the balanced current. Therefore, in ideal 
conditions, the neutral current is zero, which mean that the 
network is symmetrical or balanced. However, in practice, the 
amount of current in the neutral in LV network cannot be zero.  
The neutral current increase when the out of balance level is 
increased. In other words, in the unbalanced LV networks, the 
neutral current will rise significantly [41]. As a result, the 
neutral conductor, will thermally be overloaded specially if its 
rated capacity is lower than that for phase conductors. 
Moreover, if the level of the network out of balance is becoming 
larger, the ground current is becoming larger as well. The 
ground current depends on the neutral conductor, and earth pass 
impedance. Such conditions will pose some safety issues [34]. 
3.4.3. Thermal overloaded of the network’s assets: The energy 
losses depend on the square of the currents pass through the 
conductors. In a symmetrical or balanced network, the current 
flowing through the three-phase is balanced and the neutral 
current is zero[42]. However, when the out of balance level 
among the three-phase, becoming higher, the current pass 
through the neutral and some phases conductors 
increase.Therefore, the thermal overload in the transformer and 
cables or overhead lines become larger, resulted in reducing the 
useful life of these assets due to the additional thermal stress on 
insulations (e.g. Transformer winding insulation, transformer 
oil, underground cable insulation) [43]. 
3.4.5. Phase-neutral voltage displacement: In out of balance 
conditions, a considerable amount of current flow through the 
neutral conductors. In such case, the neutral voltage is shifted 
(increased or decreased). If the neutral voltage becomes 
positive, the phase-neutral voltage of one phase decrease while 
the phase-neutral voltage of the other two-phase 
increase.However, if neutral voltage becomes negative, the 
phase-neutral voltage of one phase increase, while the phase -
neutral voltage of the other two-phase decrease [34]. If the 
single phase voltage (e.g. 230) shifting outside the accepted 
limit (e.g. ± 5%), this will add risk on single phase consumer 
appliances. In addition, unbalanced conditions can result in a 
massive voltage drop on the heavily loaded phases, which 
resulted in a decreasing phase to neutral voltage. On the other 
hand, the phase -neutral voltage for the lightly loaded phase will 
increase. 
3.5. Mitigation the effects of Voltage and current 
unbalanced  
Different methods have been used to mitigate unbalance 
effects. Indeed, these methods are discussed as follows: 
3.5.1. Phase and load balancing: the most basic mitigation 
method to reduce the out of balance level in the LV networks 
are to rearrange the loads (currents) to more evenly distributed 
conditions among the three phases. Phase balancing is 
associated with rearranging the single-phase transformer 
connection to the MV level. Load balancing is associated with 
rearranging the single-phase customer connections along the 
three phase LV network. The conventional approach to achieve 
this is called manual trial and error approach. In this approach, 
a lot of field measurement and analysis are required to assess 
the network state to determine which phase is heavily loaded 
and which phase is lightly loaded in order to rearrange the 
customer connections. It was reported in [44] and [45] that the 
manual trial and error method is rarely succeeding to reduce the 
unbalance level. However, different automatic approaches have 
been developed based on power flow and optimization 
techniques. The common objective of these methods is evenly 
rearranging the load demand aloe the three phases to mitigate 
the unbalance effects.  
3.5.2. Network reconfiguration: The network reconfiguration is 
defined as the changing the structure of the network feeders by 
changing the state of tie switches and sectionalizers [46]. The 
common objective of the network reconfiguration is to reduce 
the losses by transferring load from the heavily loaded section 
to lightly loaded sections. However, networks reconfiguration 
is also used to reduce the voltage unbalance through reducing 
current unbalance [47]. The LV network configuration can be 
achieved manually the or automatically to transfer the load 
aimed at reaching more balancing state. Different network 
reconfiguration approaches have been proposed in [46–48] with 
a common objective which is load balancing along the three 
phases. 
3.5.3. LV distribution network reinforcement: Traditionally, 
voltage and current imbalance in LV networks are mitigated by 
the conventional network reinforcements such as improving a 
fedder lines cross section and install addition feeder. The 
references [49], [50] presented a voltage imbalance mitigation 
studies using traditional reinforcement methods.  
3.5.4. On load tap changer OLTC and Automatic voltage 
regulators:  traditionally the OLTC is applied on HV/MV 
transformer to control the voltage by controlling the ratio 
between the primary and secondary winding of the transformer. 
Due to its high cost, the MV/LV transformer is equipped with 
off-load tap changers. However, the use of OLTC in MV/LV 
transformer can provide more flexibility to reduce the networks, 
voltage imbalance as reported in [51] [52] [53]. 
3.5.5 Voltage injection (DC/AC inverters): the voltage 
unbalance can be mitigated by injecting additional voltage to 
compensate the unbalance among the three phases. This voltage 
is generally generated by the DC/AC inverter circuit. 
8 
 
References [54] and [55] studied the application DC/AC 
inverter. 
3.5.6. VAR or reactive power compensation: Is usually used to 
control the voltage in a power system by adjusting the 
circulation of relative power among the generator and loads. 
The different researcher has studied the application VAR 
compensation in three phase LV networks such as [56–59]. A 
common conclusion among them is that the VAR compensation 
is helping to mitigate the current and voltage imbalance. 
3.5.7. Load balancing transformer: is a new version of a 
distribution transformer with a special winding configuration. 
The special winding configuration help to achieve better current 
sharing on the primary side of MV/LV distribution transformer 
the in the case of supplying unbalanced loads. As a result, it 
improves the utilization of transformer capacity and mitigates 
the propagation of current unbalance from MV to LV side. A 
detailed description of the load balancing transformer is 
provided in the references [60–62].   
3.5.8. Static Balancer: A detailed explanation of how this 
device can be used to mitigate the effects of current and voltage 
is provided in the reference [34]. 
4.   Planning of Low Voltage Distribution Networks  
The planning for the distribution system comprises of three 
main areas, the long-term strategic planning, network planning, 
and construction design. The long-term deal with the future 
major investment such as (system reinforcement or expansion 
planning). While the network planning deals with individual 
investment in the future, such as installing a new feeder or 
MV/LV substation. The construction design covers the 
structural design of each component in the network taking into 
account the available technologies and materials [17]. Power 
distribution planning including both technical and economic 
objectives. Typically, the main objective of LV network 
planning is to find the most economical solution, size, and 
location of the newly installed equipment subjected to a set of 
technical constraint. For example, sitting and sizing of new 
feeders or substation to meet the future demand [63].  Based on 
the planning methods, there are two eras of the planning which 
is deterministic “Fit and Forget” conventional approach and 
Active Distribution System (ADS) approach [64].  The main 
advantage of the ADS approach over conventional planning 
approaches is handling the high level of uncertainty pose by 
high renewable DG and the load varies. In the last decade 
distribution networks planning is becoming more complicated 
with high penetration of renewable and nonrenewable DGs 
technologies [63]. Planning function for such system includes 
three main factors: type of technology, the optimal size, and 
location to be installed in the network.  
       The challenges related to the high penetration of DGs into 
the LV networks have been studied and assessed by variety of 
innovative methodologies which adopted the smart grid (SG) 
technologies aimed at reducing the impact of challenges. For 
instance, Microgrid is becoming a proper solution for 
improving the networks DGs hosting capacity [65]. Indeed, a 
big effort has been paid towards improving the concept of 
Microgrids[65, 67–69, 72, 73].The conventional power system 
structure is experiencing a significant change. Therefore, 
different approaches have  been studied heavily in the current  
Table 2. Objective of Planning  
References  Objective type  
 
[74–76, 78, 80–83, 85, 
86] 
[87–91, 93, 94] 
[96, 99, 101, 103, 104]  
Economic  
• Minimization investment and 
operation cost 
• Minimization of line losses 
• Maximization of net profit value 
 
[78, 87, 105–108, 110] 
[88, 111–116]  
Technical 
• Maximization of system 
reliability  
• Improvement of voltage profile 
 
[81, 91, 103, 117–119] 
[120–122] 
[123–126] 
Environmental and social 
• Minimization of CO2 emission  
• Maximization of renewable DG 
• Maximization of social welfare 
literature such as demand response (DR) [69],[94], virtual 
power plants (VPPs) [77, 79], improved optimization methods  
for DGs planning and operations [7, 75, 81, 84, 96, 117, 120, 
186], active distribution systems (ADS) as an operation 
methodology  for the smart grids, which has been studied in  
[63, 63, 66, 119, 122]. These papers established new 
methodologies which can handle the changes posed by moving 
towards a smart grids and/or smart cities.  Also, different 
requirement that needed to enable adoption of such technolog- 
ies including information communication system (ICS), smart 
meters, Internet of Things (IoT), Big-Data Systems and control 
strategies as highlighted in  [92, 95, 97], [98, 100, 102]. In 
addition, the impacts of adoption of different technologies such 
as on load tap changer (OLTC) have been studied recently in  
[51, 52, 88, 109, 116, 129, 130, 138].  
      The planning of the distribution network has caught 
attention in the several published papers. In [63], the authors 
analyze the key features of ADS planning based on a different 
aspect such as DG sitting and sizing, coupling planning and 
operation and the uncertainties aimed at developing appropriate 
models and methodology for the planning of ADS. To achieve 
that a comprehensive literature review analyzed and 
categorized based on the objectives, system constraint, the 
methods, then providing critical analysis and discussion of the 
key issues and challenges faces the adoption of ADS scheme. 
Also, several important research areas for future research has 
been provided. In [66] the authors developed a probabilistic 
planning power flow approach for LV network by using a 
Gaussian mixture distribution in load modelling. The 
effectiveness of the method evaluated by implementing a case 
study on the LV network with higher PV penetration. The 
results showed that the proposed method is highly accurate with 
low computational time. Moreover, A hybrid optimization 
method based on Genetic algorithm and sequential quadratic 
programing for sizing and sitting on a battery storage system 
(BSS) in unbalanced LV networks are proposed in[68].In 
addition, a planning method for placement and sizing BSS in 
LV networks hosting high PV  is proposed in[70]. The  
effectiveness of the proposed method provided by carrying out 
a case study. The results showed that the improved method help 
to reduce the overvoltage and energy losses by preventing the 
reverse power flow as well as a significant reduction in total 
9 
 
investment costs. [71] developed a planning method for MV 
and LV radial distribution networks aimed at minimizing the 
investment cost subjected to operational constraint and 
reliability index. The method is applied in radial LV network 
comprises of 410 buses. Where the results indicated the 
importance of using an integrated planning technique for LV 
network planning rather than using sequential or hierarchal 
planning techniques.  
4.1. Objectives of the planning  
The objective function that is mainly used for the distribution 
system planning can be classified into economic, technical and  
environmental illustrated in Table 2. The optimization problem 
of distribution network planning can be formulated with a 
Single Objective or Multi-Objective function. However, the 
multi-objective model can be transformed into a single 
objective model by application of the weight coefficient method 
or Pareto-based method [7]. Moreover, the planning, 
optimization problem can be formulated in Bi-Level, which 
used to incorporate the operational aspects into the planning 
model [63].  
5. LV Network reinforcement and/or expansion planning  
The reinforcement of the low voltage network is becoming 
essential when the LV network cannot handle the operational 
issues raised by the high penetration of renewable resource. The 
LV networks need to be reinforced when it starts operating 
beyond the allowable current and voltage limits.  
5.1. The Traditional Approach of LV Network 
Reinforcement  
The traditional reinforcement planning approach for the 
LV network is practically straightforward. The recent approach 
for low voltage network planning based on minimizing the total 
investment cost and the cost of energy losses. The cost is 
evaluated based on a simple deterministic load curve pattern 
(Peake load demand) with applying as a specific factor for load 
growth with analyzing the scenario over the period of 20- 40 
years of time [32]. The conventional choices of reinforcing the 
LV-network, including installing a new feeder, improve the 
capacity of the existing feeder lines by replacing the network 
lines or part of the cable, and adding a new substation or 
upgrade the capacity of the existing one. Authors in [101], 
[105], implement a distribution network expansion studies for 
the existing feeder expansion. In [101] proposed a multistage 
active distribution planning model aimed at long-term planning 
for the 
network feeder with the application of energy storage system. 
In [105], the authors implement an expansion to overcome 
contingency conditions in the network feeders using a 
multistage evolutionary algorithm. The objective function 
aimed at improving the overall system reliability and efficiency 
of the radial distribution network by using a load-loss index. In 
[85] the authors also implement a multistage distribution 
network expansion using particle swarm optimization method 
to solve the AC power flow after sitting energy storage system 
aimed at shaving the peak load. The proposed method was 
evaluated using the IEEE 30-bus radial test network, the result 
showed a significant minimization of the planning, cost as well 
as improvement in the line loading capacity and the voltage bus. 
In addition, many other researchers have studied the expansion 
planning of the distribution network in [75, 78, 82, 83, 118, 122, 
127].  
5.2. Adoption of Smart Grid technologies for LV network 
reinforcement 
5.2.1. Application of On Load Tap Changer: (OLTC) High 
penetration of renewable DGs into LV distribution networks 
may result in the absolute magnitude of the voltage deviations 
(because of bi-directional power flow). To manage the voltage 
deviation, the active network management (ANM) scheme as a 
new smart grid technology can be utilized to control the bi-
directional power flow.  As a part of the ANM scheme, an On-
Load Tap Changer (OLTC) can be installed on the MV/LV 
secondary substation [128]. OLTC enables the ratio between 
the corresponding primary and secondary voltages to be 
adjusted to achieve a certain voltage [129]. In fact, the majority 
of conventional MV/LV transformers equipped only with of-
load tap changer [129]. Therefore, the use of an OLTC in the 
LV network considered as a smart grid concept, which shows a 
promising advantage to reinforce the LV networks [130]. 
Indeed, a framework to evaluate the application of OLTC 
within the planning process is required. 
Some studies have analyzed the advantages of OLTC in 
distribution networks. However, a few studies have discussed 
the application of OLTC in the planning of LV networks. In  
[128] Nijhuis et al investigated the incorporation of OLTC in 
LV networks. The OLTC application has been considered into 
the optimization problem of planning by the introduction of 
additional voltage constraints. The result of the case study 
proved the effectiveness of the OLTC to reduce the impact of 
DG compared with the conventional reinforcement methods. 
Also, the application of OLTC in the planning and design of LV 
networks has been investigated in  [129]. Moreover, in [131]  
the authors have evaluated the effectiveness of using the OLTC-
fitted transformers in LV networks by implementing techno-
economic analysis for real LV network in Germany. The result 
shows that using OLTC increase the LV hosting capacity of LV 
networks for PV. 
5.2.2. Application of Demand Response (DR): Demand 
response (DR) is considered as a promising solution for the 
issues of the uncertain and fluctuating power supply, as the 
potentially significant flexibility of electrical demand can be 
utilized to provide the required power system services reduce 
the impact of  RER [132]. In the context of  LV network 
reinforcement, in [124] the authors applied the DR scheme on 
real distribution networks in the Netherlands. The result 
illustrates that applying DR program resulted reduce the 
requirement for the conventional network reinforcement. [133] 
applied centralized DR approach as an alternative to resolve 
capacity issues in LV feeder to avoid of costly improvement in 
existing feeder capacity. Ref [94] has improved long term 
planning method for LV networks based on the price based DR 
and DGs. The results showed a significant reduction in 
technical losses. 
6. Operation of LV Distribution Networks  
The operation of the LV distribution networks is covered 
power quality and network safety issues. These issues usually 
resolved by applying a type of management or control on the 
network. For instance, many studies have been implemented to 
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analyze the impact of DGs on LV operation. Also, the 
operational studies include the evaluation and addressing the 
issues related to voltage variations, thermal harmonics, network 
overload, load unbalanced, faults, and network energy losses. 
6.1. Power quality and voltage control  
     In LV distribution networks, a pure sinusoidal voltage 
waveform at the rated frequency (e.g., 50 Hz in the UK) is 
expected to be delivered to the end customers [134]. The power 
quality is referring to the measurements and analysis to 
maintain the sinusoidal voltage waveform at rated 
frequency[135]. Hence, the concept of power quality has been 
defined by International electricity commission (IEC) as 
"characteristics of the electricity at a given point on an electrical 
system, evaluated against a set of reference technical 
parameters”. These technical parameters are the voltage and/or 
currents[136].  Power quality issues includes of a number of 
individual power system disturbance such as voltage variation 
(i.e., transients, long and short duration), voltage unbalance, 
frequency variation and waveform distortions [137]. Various 
indicator used to describe the power quality issues among them, 
voltage dip, overvoltage, under-voltage, voltage unbalance 
(asymmetry), voltage swell (temporary overvoltage), voltage or 
current harmonic distortion, and frequency deviation. With the 
integration of the Smart grid technologies, the power quality 
issues have become an increasing concern to utilities and 
customers [136]. For example, presence of power electronic 
devices increase the distortion level in LV networks which 
might lead to voltage or current harmonics [134]. In addition, 
the high penetration of DGs might possess different power 
quality issues. Refs [136],[137], provide a detailed 
investigation of the impact of DGs on power quality in LV 
networks. Also, ref [134] provides a detailed study of power 
quality in distribution networks which covers the voltage dip 
and harmonic distortion issues. Ref [135] provides an overview 
of most common power quality issues based on the energy 
storage system as mitigation technology.  
As discussed above a big effort have been paid to mitigate 
the issues associated with the voltage in LV networks. 
Corresponding to the reason and the effects, many studies have 
been implemented in the area of voltage control. Among them, 
some of the most recent studies on the topic of voltage control 
and power quality in the three-phase LV network have been 
studded with references [51, 119–121].in [51] a new approach 
for unbalanced voltage control has been proposed. The method 
is based on OLTC and the demand response with considering 
the customer preferences. A three phase voltage management 
method proposed in[138]. The method focused on the design a 
model which include OLTC and power electronic devices to 
control unbalance voltage among the three phases. A harmonic 
based analysis is proposed in [139]. The analysis is applied to 
the LV network aimed at assessing the power quality. In [140]  
a multi-function DGs unit was designed to improve the power 
quality in the LV network. The designed unit applied at three 
phases four wire LV networks to mitigate the current unbalance 
and harmonics. 
6.2. Power flow analysis of LV networks  
 6.2.1. Introduction: Power flow calculation is an essential 
tool for various types of power system analysis studies. Based 
on the network topology and the operation conditions, the 
power flow calculation can be implemented to evaluate all 
important networks elements, such as voltage angle, voltage 
magnitude, line power transmission, and line power 
losses[141].  Therefore, the power flow analyses widely used in 
many studies that executed to evaluated and addressed various 
issues such as fault analysis, feeder reconfiguration, network 
load balancing, network losses reduction, DGs allocation and 
so on. Initially, researchers have paid big attention to develop 
powerful power flow approaches which capable to analyses 
operation of the transmission networks. Indeed, the standard 
Newton Raphson (NR) and Gauss sidle (GS) power flow 
techniques, are widely used to evaluate the operation of power 
system networks. These approaches successfully converge the 
solutions by assuming the studied system is three phases 
balanced. The transmission and sub-transmission networks are 
structured symmetrically (tightly meshed networks) with a low 
R/X ratio and even allocation of load across the three phases. 
Thus, it is usually considered as a balanced three-phase 
network. Therefore, Applying the standard version of these 
techniques on such types of networks (HV and MV) is efficient 
[122], [142], [143]. Due to the characteristic difference between 
the transmission and distribution networks, applying the 
standard techniques directly on the distribution networks is 
failed to converge the solution without assuming that the 
network is three phases balanced. Although various studies 
applied the conventional PF techniques to analyze the LV 
distribution networks by assuming that the LV network is a 
three-phase balanced network, this assumption is unrealistic 
[142]. In practical the LV distribution system is unbalanced 
because of (1) unbalanced division of loads across the three-
phase (2) unbalanced characteristic of the LV lines e.g., high 
R/X ratio (3) the network structure is asymmetrical e.g., single 
phase and two-phase lateral and (4) untransposed lines (5) 
uneven allocation of DGs on different phases. Therefore, using 
conventional PF methods fail to converge for unbalanced LV 
networks resulted in unrealistic indications into an actual 
problem  [143], [144], [145],  [146]. 
While the energy system shifting towards a more 
sustainable system, a significant share LCTs adopted in the LV 
network. Hence, LV networks become an essential part of the 
modern energy system. Consequently, to study the impacts of 
the DGs and to ensure a secure operation LV network, different 
research works were developed a variety of power flow 
methods based on the standard techniques to be able to deal 
with the uniqueness of the LV networks. Also, many of the 
recently published research works have proposed different 
power flow techniques. These proposed techniques cover a 
wide range of the LV networks operational challenges posed by 
the adoption of LCTs such as increasing the level of load 
demand variation. Meanwhile, an efficient power flow 
algorithm must be able to find the solution of the power flow 
problem for systems with a large number of nodes, 
asymmetrical line impedances highly violated load demands 
and unbalanced voltage and current. Generally, the proposed 
methods can be can be classified into two main categories, 
deterministic and probabilistic. In the following subsection, a 
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brief definition and review of the main power flow algorithm 
for LV network are provided.  
6.2.2 Deterministic power flow techniques: The deterministic 
power flow techniques do not consider the uncertainties 
(stochastic nature) associated with renewable DGs and load 
demands[143]. In these techniques, the non-linear power flow 
equations are solved for a deterministic value of renewable DGs 
outputs and load demand [146]. Though a large number of these 
techniques have been proposed to date, the majority of them can 
come under three main groups. Forward/Backward Sweep 
(FBS) based methods, Newton Raphson (NR) based Methods, 
Gauss Z-Bus based methods and Correction Current Injection 
(CCI) based methods. 
1. Forward, Backward Sweep (FBS) based methods: This 
technique is widely used in the distribution system analysis, 
because of its robustness and simplicity of implementation 
specially in case of the multi-phase circuit. The initial version 
of the FBS algorithm developed for the radial system in [147]. 
Afterward, the method has been applied in a wide range of 
research paper to solve weakly meshed, strong meshed and 
multi-phase unbalanced networks. In [148] the authors applied 
the FBS method to solve three phase power flow problem for a 
loop network. The proposed method considers the loops as two 
branches with considering the unbalanced conditions for three-
phase networks. The result showed the effectiveness of the 
proposed method for radial and weakly meshed three-phase 
unbalanced networks. Also, a three phase  PF technique to 
analyses unbalanced distribution network was proposed by 
[144]. The technique integrates the conventional forward-
backward sweep (FBS) technique with employing the load 
impedance matrix to calculate the bus voltage in one step 
instead of two steps. The proposed method evaluated different 
three-phase balanced and unbalanced radial and weakly meshed 
networks and the results proved the effectiveness of the 
proposed method over the standard FBS technique. In 
references [149], [150] developed a three phase power flow 
method for unbalanced LV networks aimed at minimizing the 
network losses. The system element modelled in three phase 
frameworks based on the FBS technique.  Breadth-first search 
method used along with BFS to minimize the read element in 
each iteration resulted in minimizing the computational time. 
The result showed that the three-phase proposed method is 
more accurate than the symmetrical model, which make it more 
applicable in real time analysis. In [151] the authors employed 
the BFS method in optimal power flow optimization 
formulation aimed at developing a centralized operation 
scheme to handle the LV network unbalance posed by high 
penetration of single phase DGs. The result showed that such a 
schema is allowed to improve system operation while ensuring 
its security. However, in practice, the network comprises of a 
large number of nodes, which limited the adoption 
communication infrastructure that required to apply the 
centralized operation schema.  In addition, the FBS method 
used in parallel with mixed integer linear programming (MILP) 
approaching [152] to study the effect of LV network feeder 
reconfiguration on reducing the energy losses and improve the 
load balancing. 
2. Newton Raphson (NR) based Methods: The standard 
Newton Raphson (NR) is failing to converge the power flow 
solution of the unbalanced LV network. However, various 
approaches developed the standard NR method study the 
operation of LV networks. For example, NR based three phase 
PF method developed in [141] using graph theory, injected 
current and matrix decomposition techniques. In [153] NR 
based power flow method has been developed to study the 
effect of active and reactive power injection on the network 
voltage. The proposed method validated in real German 234-
bus test system and it has been applied in the LV system. 
Moreover,  a three phase power flow method based on the NR 
and the voltage rectangle coordinates method has been 
proposed in [154]. The effectiveness of the proposed method 
tested by implementing a case study and the result compared 
with OpenDSS power flow software results. In [155]   The 
author developed five new versions of NR power flow 
technique to solve three phase power flow problem for 
unbalanced LV network. The formulation for three phase power 
flow is described for both current and power. To validate the 
proposed methods, the development versions have been 
compared with the BFS method. Also, [156] developed a novel 
power flow technique for radial and weakly meshed distribution 
network. The proposed method based on the NR algorithm. The 
developed method has been tested using 33 and 69 IEEE 
benchmark, considering different load conditions and R/X ratio. 
3. Gauss Z-Bus based methods: Gauss Z-Bus is one of the 
commonly used methods for solving power flow problem. It 
uses the Ybus matrix to model the network structure and 
employing current injection technique to calculate the power 
flow solution. One of the first methods that applied Gauss Zbus 
algorithm to calculate the power flow solution for unbalanced 
three phase low voltage networks have been presented in [157]. 
Also, a modified Gauss- Zbus method for three phase power 
flow was proposed by [158]. The modified method considers 
the three-phase distribution network as three single-phase 
distribution networks, thus the power flow can be solved phase 
by phase.  [159]  proposed a three-phase power unbalanced flow 
technique based on Gauss Zbus algorithm and loop frame of 
references. Ref [160] developed a three phase power flow 
program based on the implicit Gauss Zbus method. The 
proposed method was developed to study the impact of multi 
DGs on 3 phase 400 V microgrid. In addition, a Gauss Zbus 
approach has been employed to develop a multi-phase power 
flow simulation which could open as presented in reference 
[161]. Moreover, a similar approach has been used along with 
FBS  to develop GridLa-D software by the US department of 
energy as presented in reference [162]. Recently, [163]  
employed the concept  Gauss Zbus technique to developed 
modified technique which is able to solve the power flow 
problem for three-phase active distribution network (ADS). 
4. Current Injection based methods: this method is attracting 
some attention in the state of art. The formulation based nodal 
current injection written in phase farm reference. The method 
was initially developed by [164]. Afterward, it was developed 
to cope with three-phase unbalanced LV network in 
[165][166][167]. [168] implemented a comparison study 
between the current injection method and FBS for three phase 
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power flow calculation. Moreover,[169] proposed an improved 
version of the current injection method which is able to solve 
the power flow problem for three phases active LV network.  In 
addition, a multi-phase power flow methodology called 
correction Current Injection based was evolved from the 
complex admittance matrix methodology which reported 
in[170]. The complex admittance matrix allows representation 
of any number of phase and earth conductors in the system. It 
obtains by definition of self and mutual coupling between the 
phases[170]. Indeed, the current injection method was initially 
presented in [171]. Afterward, it has enhanced in [172]. 
6.2.3. Probabilistic (uncertainty-based) Power flow 
techniques: The uncertainty could be defined as the probability 
of difference between the anticipated and actual values. On LV 
networks, many variables have a stochastic nature, such as the 
load demand and the renewable DGs output. Therefore, 
therefore deterministic values for the voltages and currents can 
often give an incomplete view of the LV-network. Hence, when 
analyzing the LV network operation, it is essential to model the 
system stochastic variables using appropriate and practicable 
methods. These methods can be either a numerical or analytical. 
In this context, many research papers have been developed a 
probabilistic power flow technique. The most common way of 
applying a probabilistic power flow is using Monte Carlo 
simulation which used in references, [173–177]. In [142] multi 
objective probabilistic power flow method considering three- 
phase unbalance LV network was developed. The method 
adopted ANM schema and employed a Monte Carlo simulation 
and fuzzy satisfying method for system uncertainty modelling. 
[173] developed a populistic power flow method which is able 
to analyses daily network operation under uncertain and stress 
conditions. The proposed technique based on the generalized 
Polynomial Chaos algorithm, Monti Carlo simulation and 
Probabilistic density factor PDF. [174] developed a Monte 
Carlo based power flow methodology to assess the impact of 
Electric Vehicle EV on LV networks. The method employed 
Gaussian distribution function to model the EV plug-in times 
and Weibull distribution function to model the daily travel 
times. [175] developed a three-phase probabilistic power flow 
to evaluate the effectiveness of PV inverter in mitigation 
voltage unbalance. In addition, fuzzy set theory has been used 
to analyses the LV networks with uncertainties in load and 
renewable DGs and storage systems in [178][179][180]. In [66] 
Gaussian mixture distribution used to model the load demand 
uncertainty. Point Estimate Method applied in [181]to develop 
a probabilistic power flow for unbalancing distribution 
networks. Moreover, the probability density evolution method 
(PDEM) applied in [182] to develop a probabilistic power flow 
algorithm. Constant impedance-current-power (ZIP) model 
used in[183],[184] to model the load demand and renewable 
DGs. [183]  proposed linear methods for steady-state analysis 
of LV networks. The ZIP model employed to represent the 
uncontrolled loads, both P-Q and P-V control for DGs. Bi-
directional power flow was proposed  [185] considering the 
uncertainties associated with wind.  
6.2.4. Other power flow techniques: In addition to the 
aforementioned methods different published paper has 
employed different algorithms to solve the power flow for LV 
networks. In [143] the authors have proposed, PF method for 
siting DGs into a multi-phase LV distribution network using 
particle swarm optimization (PSO) technique. The 
effectiveness of the proposed technique evaluated by a case 
study using multi-phase 123 IEEE test bed. The results proved 
the accuracy of the proposed method in the allocation of DGs. 
In [145] the authors proposed analytical optimal PF algorithm 
to assess the loadability of the LV network to host high level of 
PV with considering the three-phase unbalanced conditions of 
the networks to ensure the system voltage stability.  A three- 
phase LV network operation, Dynamic reconfiguration 
operation technique proposed in [146]. The method employed 
the Active network management (ANM) scheme and OPF 
aimed at improving the system reliability and minimizing the 
line power losses.  
6.3. LV Network reconfiguration  
The network reconfiguration is changing the structure of 
the network feeders by changing the state of tie switches 
(Open/close). The feeder reconfiguration used to enhance the 
system reliability and the quality of supply under study state 
operation condition as well as under fault conditions [186].  In 
LV network operation studies, the network reconfiguration 
caught high attention in recent published literature. The 
different researcher has studied the LV the network 
reconfiguration as a method to mitigate some technical 
challenges such as losses, load unbalance, overloaded, voltage 
variation and faults[187].Loss reduction and load balancing 
using as an objective function in references  [44–48], [146], 
[188–190]. 
7.  Conclusion and Recommendation   
Around the world, the energy industry is moving towards a 
more sustainable system with high penetration of renewable 
DGs and low carbon technologies at the end user side. While 
the significant portion of this technology is installed on the LV 
distribution network, new planning and operation frameworks 
were developed by different researchers and research 
organizations around the globe. In this context, this paper 
provides a comprehensive review of various LV distribution 
networks planning and operation frameworks. Starting with 
highlighting the key challenges facing the LV networks, which 
are posed by the high penetration of DGs. Then highlights the 
key characteristic and topologies of LV networks. Thereafter, 
different planning and operation aspect have been investigated. 
7.1. Remarks for future research  
(1) The LV networks are typically operated in a radial topology. 
However, based on the operation conditions and the served 
load, the LV networks can be operated in different topology 
such as mesh, paralleled interconnected and so on. For instance, 
normally in the urban networks the adjacent feeders are 
interconnected through a link boxes and so form a mesh 
configuration. Hence, for network planning and operation it is 
recommended to consider the mesh topology and the actual 
network topology by developing a network model which 
consider and measuring the current flow through the link boxes 
rather than assumed to be zero aimed at improving the accuracy 
of the network impedances model. (2) With the deployment of 
ICS such as   Advance Metering Infrastructure (AMI), the SG 
will enable two way flows of power and data. In this context 
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there are opportunities to apply Big Data Analytics and IoT in 
the future power system. Deployment of such information 
technologies (IT) represents a very promising research direction 
which have not yet studied in the literature. Among these, 
studying the benefits of applying big data analytics to enhance 
demand response, detect the faults, planning and operation of 
the LV networks and reduce the impact of uncertainties.   
(3) The majority of the reviewed papers adressing the planning 
of HV/MV network with high pentration of DGs. However, a 
few papers have developed network dynamic models to 
implement a long term planning of  DGs in LV network. Hence, 
an accurate  dynaminc network model needs to be implemented 
for long term planning of LV network , wich is able to address 
the precence of high level of uncretanities possed by various 
sources such as LCTs and loads. (4) An accurate and fast 
probabilistic Power flow method for three phase unbalance 
networks needs to be developed.  
7.2. Remarks for practices 
(1) With the introduction of high penetration of LCTs, the 
practices and regulations used in network planning need 
reformation. Where the impact of the LCTs highly risky if not 
handle in the planning and operation regulation. For instance, 
the traditional practices and regulations are based on 
conventional will not necessarily have the correct safety 
margins for the different characteristics of embedded 
generation or new types of loads. As a result, the networks will 
be operated in conditions that are closer to the rated limits, 
which might follow by different technical issues such as 
voltage unbalanced. The new practices must consider making 
‘before’ and ‘after’ assessments of the LCTs impacts.(2) It is 
recommended for the DNOs reform the network to more 
intelligent network, by adding the smart grid technologies such 
as smart meters and replacing all the manual switches by 
automatic switches, installing distributed transformer adapted 
with OLTC in order to prepare the networks to move towards 
fully automated networking smart cities.  
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Appendix 
Table 3. Voltage of LV networks and associated diagram in 
various countries around the world[19]  
Country  Domestic 
(V) 
Commercial 
(V) 
Industrial 
(V) 
Australia 415/240[a]* 
240[b] 
415/240[a] 
440/250[a] 
415/240[a] 
,440/250[a] 
Austria 230[b] 380/220[a] 
220[b] 
380/220[a] 
China  220[b] 380/220[a] 
220[b] 
380/220[a] 
220[b] 
Denmark  400/230[a] 400/230[a] 400/230[a] 
Germany  400/230[a] 
230[b] 
400/230[a] 
230[b] 
400/230[a] 
 
India 440/250[a] 
230[b] 
440/250[a] 
230[b] 
440/250[a] 
400/230[a] 
Jordan  380/220[a] 
230[b] 
380/220[a] 
 
400/230[a] 
UK  230 and 
220 [b] 
400/230[a] 
380/220[a] 
400/230[a] 
380/220[a] 
USA(California) 120/240[e] 120/240[d] 120/240[d] 
USA(Florida) 120/240[d] 
120/208[a] 
120/240[e] 
120/208[a] 
408/277[a] 
 
USA (New 
York) 
120/240[e] 
120/208[a] 
120/240[e] 
120/208[a] 
 
270/280[a] 
 
Saudi Arabia       
220/127[a]  
220/127[a] 
380/220 [a] 
380/220 [a] 
Iran  220[b] 380/220[a] 380/220[a] 
South Korea 220[b] 380/220[a] 380/220[a] 
* The letter refers to the associated circuit which shows in 
Fig.5(a and b) and Fig.6(c-f) 
